Cell surface proteins of the mutans group of streptococci are involved in the colonization of tooth surfaces by these organisms. In particular, a cell surface protein of relative molecular mass (Mr) 185,000 from Streptococcus mutans, termed antigen I/MI (39, 40) , antigen B (42) , and P1 (13) , functions as an adhesin. Thus, variants of S. mutans, which exhibited decreased cell surface hydrophobicity and decreased binding to saliva-coated hydroxyapatite, were deficient in antigen I/II (30) . This suggests that antigen I/II mediates binding to the salivary pellicle and that the binding may be hydrophobic in nature. More recently, antigen I/II-deficient mutants of S. mutans were produced by insertional inactivation of the gene encoding antigen I/II (22, 35) . These mutants have properties similar to those of the variants described above, namely, decreased surface hydrophobicity and decreased binding to saliva-coated hydroxyapatite. Furthermore, antigen I/II interacts specifically with salivary components, binding with low affinity to two proline-rich salivary proteins of Mrs 28 ,000 and 38,000 (41) . In vivo studies also indicate that antigen I/IT mediates attachment of S. mutans to tooth surfaces. Topical application of monoclonal antibodies against antigen I/TI epitopes prevented colonization of S. mutans in both nonhuman primates and humans (23, 26) .
The gene encoding antigen I/II, termed spaP, has been cloned from two strains of S. mutans serotype c (21, 35) and from one strain of S. mutans serotype f (47) . These genes have been sequenced (19, 32, 35) , and the deduced amino acid sequences of antigen I/II appear to be highly conserved both within and between serotypes. The gene encoding a cell surface adhesin, SSP-5, from Streptococcus sanguis has also United Kingdom), Synthetic Genetics (San Diego, Calif.), or Research Genetics (Huntsville, Ala.). Todd-Hewitt broth, brain heart infusion broth, and other bacterial medium components were obtained from Difco (Detroit, Mich.).
Bacterial culture and growth conditions. S. sobrinus 6715 (serotype g) was a gift from T. McNamara (State University of New York at Stony Brook Dental School, Stony Brook, N. Y.). Cells were grown to the stationary phase in ToddHewitt broth. E. coli C-600 Ahfl was infected with phage AgtlO and plated on Luria-Bertani agar or grown at 37°C in Luria-Bertani broth. Frozen competent E. coli XL-1 blue was transformed with the plasmid pBluescript SK+ and plated on SOC agar containing isopropyl-,-thiogalactopyranoside (20 mM), 5-bromo-4-chloro-3-indolyl-,-D-galactopyranoside (80 ,ug/ml), and ampicillin (50 ,ug/ml).
Antisera. Streptococcal antigen I/II was prepared from S. mutans (serotype c, Guy's strain) as described previously (39) . Polyclonal antisera were raised by immunization of New Zealand White rabbits with the purified streptococcal antigen I/IT.
DNA purification. Genomic DNA from S. sobrinus was prepared by a modification of the method of JagusztynKrynicka et al. (19) . Cells (1-liter culture) were harvested by centrifugation (3,000 x g for 10 min), washed once with 2 M NaCl, and resuspended in 250 ml of 20% glucose in 25 mM sodium phosphate, pH 6.4. After digestion with mutanolysin (10,000 U) for 1 h at 60°C, sodium dodecyl sarcosinate (0.5% wt/vol) was added and the digest was incubated overnight at 4°C. Sodium dodecyl sulfate (SDS) (2% wt/vol) was added, and the lysate was digested with proteinase K (0.5 mg) for 1 h at 45°C. DNA was recovered by extraction with phenol and precipitation with ethanol. Plasmid and phage DNA and phage inserts were prepared by standard procedures (28) .
Cloning of spaA. Genomic DNA from S. sobrinus was partially digested with EcoRI and ligated to DNA from phage XgtlO, which had previously been digested with EcoRI. The resulting library was screened with rabbit antisera raised against antigen I/TI, as described previously (48) . Of 30,000 clones screened, one was isolated which bound the antibody. The 3.7-kb insert of this clone which included the 5' region of the spaA gene was purified, labelled with random primers (12) , and used as a hybridization probe (5) to rescreen a second library made by using size-selected, partially EcoRI digested DNA. A further clone, XspaA, which contained a 7.2-kb insert with an internal EcoRI site, was isolated.
Nucleotide sequencing. EcoRI fragments from XspaA were subcloned into plasmid pUC9 or pBluescript SK+. Plasmid DNA was prepared by the alkaline lysis procedure (27) and purified by CsCl equilibrium density centrifugation. Doublestranded DNA was sequenced by the dideoxy chain termination procedure (44) , and the sequence was extended by using oligonucleotide primers which were derived from a previously determined sequence. The complete sequence of spaA, determined on both strands, was assembled by using the computer program PC/GENE (copyright 1984, Intelligenetics Inc./Genofit SA., Geneva, Switzerland). The 5' region of the gene (nucleotides 1 to 2056) was present in the 3.7-kb EcoRI fragment isolated initially, and the 3' region of the gene (nucleotides 2057 to 4583) was present in the 2.9-kb fragment. A further fragment of the gene which overlapped the internal EcoRI site (nucleotides 2002 to 2522) was amplified from genomic DNA by means of polymerase chain reaction. Sequencing of the polymerase chain reaction product (55) confirmed the alignment of the two partial sequences and demonstrated that there was no intervening sequence.
Polymerase chain reaction. A fragment of DNA which overlapped both EcoRI fragments into which the gene spaA was subcloned was generated from genomic DNA of S. sobrinus by polymerase chain reaction (43 (51) . From the sequence alignment (Fig.  2) , it is evident that there is considerable homology between these proteins, the extent of which is shown in Table 1 . In addition to the homology shown in Table 1 , many of the amino acid substitutions are conservative. The numbers of pairwise identities at each position in the sequence alignment are shown in Fig. 3 , where they have been plotted as a series of bars from the midpoint. It is evident that the degree of homology varies along the sequences. The least-conserved portion is between alignment positions 500 and 900 (corresponding to residues 500 to 800 of the SpaA sequence). In contrast, the N-terminal region is particularly well conserved, as is a region corresponding to residues 850 to 1150 of SpaA (indicated in Fig. 3) .
The main features of the sequence of SpaA are similar to those reported for antigen I/TI of S. mutans and S. sanguis (10, 20, 36) . The N-terminal region is particularly rich in Ala and includes three well-conserved tandem repeats of a sequence based on 82 residues (Tyr-217 to Asp-459), preceded by a more degenerate repeat (Val-136 to Ile-216). Pro, which is lacking from these repeats, is relatively abundant in the C-terminal region (residues 800 to 1528) and appears to be particularly well conserved between species. An exception to this conservation occurs in the SpaA sequence, where only two tandem repeats of a 39-residue Pro-rich sequence (Glu-865 to Ser-942) are present, whereas three repeats were found in all the antigen I/TI sequences and in the SSP-5 sequence. Residues 1464 to 1511 form a sequence rich in Pro and otherwise consisting largely of charged or polar residues. Similar sequences in other streptococcal cell surface proteins are believed to span the cell wall (17) .
There is evidence that residues 1 to 38 of antigen I/IT may represent a signal sequence (20, 36) , and sequence alignment suggests that residues 1 to 50 of SpaA also form a signal sequence. These residues show the properties of a bacterial signal peptide with a charged region being followed by a hydrophobic sequence (31) . The most likely site for cleavage of the signal peptide is Ala-50, and the resulting polypeptide Fig. 3 . would be of Mr 160,524, in contrast to the value of 210,000
determined by SDS-polyacrylamide gel electrophoresis (PAGE). Similar discrepancies between the deduced polypeptide Mr and that determined by SDS-PAGE have been reported for antigen I/WI (20, 33, 36) . The abundance of Ala and Pro, both residues which bind SDS poorly (27) , may account in part for the anomalous electrophoretic mobility. The presence of Pro may also affect the conformation of the SDS-protein complex (8) . Some form of posttranslational processing which alters the M, may also occur, as discussed below. Structural model of SpaA. As reported for antigen I/HI (20, 36) , the N-terminal region of SpaA (residues 50 to 600) is predicted to be a-helical (15) , principally because of the abundance of Ala and the absence of Pro. The presence of the four tandemly repeated sequences of 82 residues sug- 12 3 4 5 6 7 1 2 3 4 5 6 7 gests that this region of the protein may adopt some form of repeating helical structure. Furthermore, the 82-residue repeats are themselves composed of a series of smaller repeats. As shown in Fig. 4 , each of the long (82 residues) repeats comprises a series of 10 heptad repeats, in which three of the heptad repeats are extended by four residues. The heptad repeats show some degeneracy, but the sequence motif is of the form YQXXLAX, in which X can be a charged or polar residue or Ala. Amino acids with large hydrophobic side chains are restricted to positions 1 and 5. This regular arrangement of nonpolar residues (separated alternately by two and three residues) within a series Qf heptad repeats is characteristic of an a-helical coiled-coil conformation (7). The coiled-coil conformation, formed by packing together of helices, is particularly stable (7), and structures in which two (49) , three (54), or four or six (14) helices pack together have been described. Irregularities in the pattern of heptad repeats, such as the insertion of extra residues as in heptad repeats 2, 6, and 10 ( Fig. 4) , occur commonly in proteins of this nature (7). The possible structural consequences of these insertions are discussed below.
We propose that the four long repeats of the SpaA N-terminal region could each form a single helix with a maximum length of approximately 120 A. Although helices of this length are unusual in globular proteins (3), they are more common in fibrous and surface proteins (6) , and a number of features of the SpaA sequence suggest that such extended helices may form. First, there appear to be similar constraints on each component heptad repeat with regard to the substitutions allowed. Position 5 is occupied by Leu or, in one instance, Val, only when Tyr is at position 1, with a single exception where Tyr is substituted by Asn. Substitution of Leu with Asn (in repeats 6, 8, and 9) requires substitution of Tyr generally by the hydrophobic residues Ile and Val. The observation that Tyr and Asn do not occur in positions 1 and 5 in the same heptad suggests that they are important in stabilizing the conformation. Since residues at positions 1 and 5 would be on the same face of an a-helix, the simplest explanation is that they form hydrogen bonds and would compete for the bonding partner if present on adjacent turns of the helix. Significantly, both residues are absolutely conserved between species in this region of the protein. Second, as a consequence of the four-residue extension in heptad repeats 2, 6, and 10 ( Fig. 4) , the distribution of residues with large hydrophobic groups (Tyr, Leu, and Ile) is more restricted around the helical axis than would otherwise be the case (see below). Finally, in the proposed helical conformation, the Ala residues are clustered so that they form a continuous hydrophobic region which winds twice around the entire length of the helix as shown in Fig. 5 , in which the third long repeat has been represented as an a-helical net. Residues on opposite edges of the net would be adjacent in the helix, and thus, as indicated in the figure, the hydrophobic strip is uninterrupted along the helix.
Each long (82 residues) repeat may therefore represent a structural unit. By using the computer graphics program QUANTA (Polygen Corporation), the third repeat (residues 297 to 377) was modelled as an a-helix. The view along the helical axis shown in Fig. 6a can be compared with the sequence arranged on a helical wheel, shown in Fig. 6b . It is evident that the Tyr residues are restricted to one face of the helix lying within a 400 segment (Fig. 6b) . The other large hydrophobic residues (Leu and Ile) are similarly clustered around this face. Charged residues are distributed mainly but not exclusively around the opposite face.
At a higher level of organization, it is proposed that the four helices (each formed by one 82-residue repeat) pack together longitudinally, stabilized by hydrophobic interactions between Tyr and Leu residues. The high degree of conservation shown by these residues is consistent with their importance in determining the folding of the protein.
Packing of the helices may be further stabilized by hydrogen bonding involving Tyr and Asn residues. Adjacent helices would be linked by the more variable sequences of 9 to 11 residues at the C-terminal region of each long repeat (Fig. 4) . Linking segments of this length are compatible with a regular parallel arrangement of four helices joined by reverse turns such that the direction of the polypeptide chain (N to C) is opposite in adjacent helices (52) . Supercoiling of the packed helices is indicated by the observation that the hydrophobic region in each helix (formed by the clustered Ala residues as described above) is not confined to a single face but spirals gradually around the helical axis. Hydrophobic interactions would therefore provide the supertwist of the coiled-coil conformation. The clusters of Ala also explain the observed correlation between expression of SpaA or antigen I/II and cell surface hydrophobicity (22, 30, 35) .
The predicted long coiled coil would form a stalklike structure supporting a membrane distal domain probably formed by the central and C-terminal regions. Although the coiled-coil N-terminal region would be involved in hydrophobic interactions between the adhesin and its receptor(s), the more specific adhesin binding site is likely to be a different region of the protein. By analogy with viral receptors (2, 53) , the binding site would be expected to be present in a membrane distal domain and may be formed by the region which is most conserved between this group of adhesins, residues 1000 to 1200. In support of this suggestion, a C-terminal fragment of antigen I/II, of Mr 74,000, which was isolated from S. mutans serotype f demonstrated binding activity to saliva-coated hydroxyapatite (32, 33) . The highly conserved region is adjacent to the repeated Pro-rich sequences. The abundance of Pro would preclude compact folding of the repeated sequences which may adopt a more extended structure similar to the stable polyproline conformation, i.e., helices of three residues in a turn.
Membrane attachment. Although SpaA is associated with the cell wall and is present on the cell surface (45), the sequence determined in this study suggests that it is not anchored in the cell membrane by means of a C-terminal a-helical transmembrane region. The predicted wall-spanning region of SpaA is followed by a sequence of 17 residues which, although hydrophobic, is shorter than the length required to span the membrane. In this respect, SpaA resembles antigen I/IT from S. mutans serotype f and SSP-5, which also lack transmembrane sequences. In contrast, antigen I/IT from S. mutans serotype c appears to possess a transmembrane sequence. Thus, anchoring of some of these proteins may require posttranslational modification. These adhesins show some structural homology to M protein from Streptococcus pyogenes (29) , although neither SpaA nor antigen I/TI shows significant sequence homology. Pancholi and Fischetti (37, 38) (where X represents any amino acid), identified near the C termini of five streptococcal membrane proteins, was suggested to provide a signal for this modification. This sequence is also present in the C-terminal regions of SpaA and antigen I/II but not SSP-5. Alternatively, the adhesins may be anchored by association with another membrane protein.
Family of adhesins. The extensive sequence homology observed between SpaA from S. sobrinus and antigen I/I from S. mutans implies that the proteins are functionally related and that the species may therefore share a mechanism for binding to tooth surfaces. That these proteins may be members of a larger family of cell surface adhesins common to a number of oral streptococcal species is indicated by the homology shown with the sequence of SSP-5, the adhesin from S. sanguis (10) . Proteins within this family should therefore all be termed antigen I/IT. There are, however, differences in the binding specificities of the adhesins, presumably reflecting the different sites colonized by these organisms. Thus, S. sanguis, which preferentially colonizes epithelial surfaces, expresses SSP-5, which shows sialic acid-dependent binding, while S. mutans, which preferentially colonizes enamel surfaces, expresses antigen I/TI, which is reported to bind fucose (10). As discussed above, differences in the binding specificities of antigen I/IT from S. mutans and S. sobrinus are indicated by the observation that colonization of enamel surfaces by the former is salivary glycoprotein dependent, while that of the latter is glucan dependent (16) .
Quite apart from the biological interest in S. sobrinus, there is evidence that the prevalence of S. sobrinus is increasing in both developed and developing countries (4, 11) . In addition to inducing dental caries, S. sobrinus can cause infective endocarditis. It is therefore of considerable interest that extensive homologies between S. sobrinus and S. mutans are found, suggesting that a single vaccine incorporating common T-and B-cell epitopes (24) may suffice for both organisms. Immunological cross-reactivity of antigen I/IT between different serotypes of the mutans group was clearly evident from the time antigen I/IT was first described (39, 40) . Indeed, common epitopes of S. mutans and S. sobrinus were readily detectable by raising monoclonal antibodies (45, 46) . One of these (Guy's 13) can prevent colonization of S. mutans in direct in vivo investigations of human subjects (25) . The finding of extensive homology between S. sobrinus and S. mutans is consistent with the immunological cross-reactivities between these organisms found in previous studies.
